This article presents a basic experimental technique and simplified finite element (FE)-based models for the detection, localization, and quantification of impact damage in composite beams around the barely visible impact damage level. Detection of damage is carried out by shift in modal parameters. Localization of damage is done by a topology optimization tool, which showed that correct damage locations can be found rather efficiently for low-level damage. The novelty of this article is that we develop an all in one package dedicated to impact identification by modal analysis. The damaged zones in the FE models are updated by reducing the most sensitive material property, in order to improve the experimental/ numerical correlation of the frequency response functions. These approximate damage models (in terms of equivalent rigidity) give us a simple degradation factor that can serve as a warning regarding the safety of the structure.
These commercial and military aircrafts are increasingly using composite materials to take advantage of their excellent specific strength and stiffness properties. Furthermore, damage detection in composites is much more difficult, due to the anisotropy of the material and the fact that much of the damage occurs beneath the top surface of the laminate. This level of damage is often referred to as barely visible impact damage (BVID). There has been considerable research on the impact performance and damage development in composite materials; see, for example references. [4] [5] [6] [7] Although not visually apparent, low energy impact damage is found to be quite detrimental to the load bearing capacities of composite structures, underscoring the need for reliable damage detection techniques. Composite non-destructive testing (NDT) techniques, which are currently successful for small laboratory specimens, such as radiographic detection (X-ray) and ultrasound testing (C-scan), are impractical for large components and integrated vehicles.
In the recent years, SHM using vibration-based damage detection has been rapidly expanding and has shown to be a feasible approach for detecting and locating damage. A detailed and comprehensive overview on the vibration-based damage detection methods has been presented in references. [8] [9] [10] [11] [12] The basic principle of vibration-based damage detection is that due to damage the modal parameters of a structure are affected in such a way that there is a decrease in natural frequency accompanied by an increase in damping ratio, most of the time. Shift in natural frequency is the most common parameter used in the identification of damage. A large variety of works can be found in scientific literature related to the study of structural damage by changes in natural frequencies. [13] [14] [15] [16] [17] However, in structures made of composite materials, there seems to be a tendency to use damping as a damage indicator tool, as it tends to be more sensitive to damage than the stiffness variations, mainly when delamination is concerned. Therefore reliable estimators of damping ratio have been proposed in scientific literature, which tend to be a more sensitive damage indicator as compared to natural frequencies for composites materials (laminated, sandwiches, and entangled). [18] [19] [20] [21] [22] [23] Although vibrationbased structural damage detection is an emerging topic for research, its development can still be divided into traditional-and modern-type. The traditional-type refers to the detection method for structural damage by using only the structural characteristics, such as natural frequencies, modal damping, mode shapes, etc. Several modern techniques, for example, statistical process control, neural networks, advanced signal processing, genetic algorithm, wavelet analysis, etc., have been researched for detecting damage in composite materials, many of them showing the effectiveness of dynamic response measurements in monitoring the health of engineering structures. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] These methods are generally classified as modern-type methods for damage detection. For diagnosis purpose, we often need a baseline or undamaged state; in this study, we propose to update with experimental data pristine and damaged model beam. This process can be used to monitor a laboratory structure over a long time range, for example. This kind of study well establishes the relationship between damping and friction surface, by correlating models/ experiments with the aim of identifying and quantifying impact damages. This All in One (AIO) package dedicated to impact identification using Patran/Nastran/ Boss Quatro/Samcef by modal analysis has been validated on various composite beams but will soon be applied to plate. The Model Update part of this work can be viewed as the FE validation of a previous article, 18 but we also propose here a more general framework for the diagnosis of composites. For larger structures, only NDE techniques using distributed sensors have the potential for detecting and characterizing small defects in composites.
Finite element-based updating for quantification of damage
When any structure vibrates, it creates major problems from discomfort (including noise), malfunction, reduced performance, and early breakdown or structural failure. Therefore, a thorough understanding of vibrations of the structure is essential. Today, two separate tools are used to model the dynamic behavior of structures, namely experimental and analytical tools. The most widely used numerical tool is the finite element method. [34] [35] [36] [37] Furthermore, the most industrially used finite element codes already contain reliable algorithms for modal parameter computation and give reliable results depending on a suitable modeling of the physical problem. Experimental modal analysis coupled with numerical simulations by finite element methods can be found extensively in scientific literature. 16, 17, 23, [38] [39] [40] [41] [42] [43] Changes in vibration parameters, such as frequencies and mode shapes of beams, plates, and even rather complicated truss and bridge structures, have been investigated for different types, sizes, and locations of structural defects by finite element vibration analysis. Conclusive points from these investigations are: (a) the natural frequencies of a degraded structure will usually decrease due to the loss in stiffness caused by the presence of damage, and (b) the higher mode frequencies and mode shapes are more sensitive to damage than the lower mode frequencies, but it is difficult to reconstruct experimentally reliable high frequency mode shapes. An interesting case of damage detection and localization has been presented by Yan and Lam. 44 They presented an improved method for establishing a dynamic model of a laminated composite vessel with small damage. The method proposed has two steps: (a) directly meshing the structure and ignoring the existence of the structural damage, and (b) for those elements in position of structural damage, their element stiffness are adjusted to simulate structural damage. The improved method can greatly decrease the number of required elements for modeling small structural damage, so that the efficiency of dynamic analysis for damaged structures can be increased.
One of the applications of the results of an experimental vibration test is the updating of an analytical model (FE model in our case). Model updating can be defined as the adjustment (fit) of an existing FE model which represents the structure under study, using experimental data, so that it more accurately reflects the dynamic behavior of that structure. Model updating can be divided into three steps: (a) comparison and correlation of two sets of data, (b) locating the errors, and (c) correcting the errors. Correlation can be defined as the initial step to assess the quality of the FE model. If the difference between the FE model and experimental data is within some preset tolerances, the analytical model can be judged to be accurate and no updating is necessary. A good overview of updating of FE models in structural dynamics has been provided by Friswell and Mottershead. 45 In spite of extensive research over the last two decades, model updating is still far from mature and no reliable and general applicable procedures have been formulated so far. In this article, simplified FE-based models have been developed, in which damage is catered for by locally changing the rigidity (EI) in the damaged zones by minimizing the difference between the experimental and numerical frequency response functions (FRFs). These simplified damage models give us a degradation factor that can help in the quantification of damage.
In using FE models for damage detection, either a few elements or only a part of a structure are usually considered as the damaged region. The small-region damage assumption is valid only when the information on the candidate damaged area is available, that is, through C-scan or X-ray tests. If the damage location is not known beforehand, then this limitation may be overcome by the use of the topology design method for damage detection and localization. The topology design method was originally developed to find an optimal material distribution of a structure having the minimum compliance or maximum eigen-values. 46, 47 Subjected to specific constraints and penalizations, an optimal structure can be found by iteratively changing the stiffness of selected elements and deleting elements with low stiffness. In the recent years, this method has been expanded to fit a lot of different problems. 48 Among these are also formulations for matching eigen-values or frequency response function data. 49 This knowledge has been implemented in MSC. Nastran and structural topology optimization is now possible using the optimization libraries,which have been implemented. 50 A new approach, using the stiffness related topology optimization variables for localizing damages, has been carried out by Lee et al. 51 Since it has been shown that damage causes changes in modal parameters, Lee et al. 51 formulated a topology design-based formulation for the detection of damage, where both resonances and antiresonances are used as the damage indication modal parameters. An idea to progressively reduce the candidate damaged elements is also developed to improve the accuracy and efficiency of the proposed method. The topology optimization formulation for damage localization described in this article is based on the works of Lee et al., 51 which are implemented in Nastran for the general purpose of diagnosis. This method is applied to locate damage in composite beams, that is, to validate the ultrasound (C-scan) results.
In this study, we not only propose a classical finite element baseline model (updated with high quality vibration results), but also an innovative damage localization method to replace NDT. But, as this method is not mature, we prefer to update the FE models with NDT results (both baseline and damage models). Thus, we validate our method on updating different beams impacted with different densities and levels of impact. This preliminary method will help us to develop a smart SHM method to monitor a part of an aircraft structure, like a door panel for example.
Materials and specimen
Carbon-fiber/epoxy pre-pregs of T300/914 are used to fabricate the test beams. 52 The material is supplied by Hexcel composites, and the physical properties are set out in Table 1 . The specimens are processed in a press. The curing cycle of the laminates is 2 h at 180 C with a warming-up cycle of 0.5 h at 135 C. The laminates are cut into beams using a diamond wheel cutter, following the ASTM D3039/D3470 standards. The composite laminate beams used in this study have a thickness of 3.12 mm having 24 plies. Their geometric configuration and lay-up is listed in Table 2 . The lay-up is chosen as such, in which the delamination is said to have more profound effects on the dynamic characteristics. 23 The vibration tests are carried out with two steel masses (50 Â 30 Â 10 mm 3 ) attached at the ends. The aim of putting these masses at the ends is to enhance the difference in the modal parameters between the undamaged and the damaged test specimens. 18, 19 Experimental set-up
High quality vibration tests
In order to obtain reliable modal parameters changes, we use a non-contact Laser Vibrometer and high spatial resolution for increasing the quality of the modal data estimation and mode shape reconstruction. The experimental equipment used for vibration testing is shown in Figure 1 . The experimental set-up is that of a freefree beam excited at its center, based on Oberst method. 31 The Oberst method states that a free-free beam excited at its center has the same dynamical behavior as that of a half length cantilever beam. The test specimen is placed at its center on a B&K force sensor (type 8200), which is then assembled on a shaker supplied by Prodera having a maximum force of 100 N. However the force sensor is not capable of measuring reliable response below 5 Hz. A fixation system is used to place the test specimens on the force sensor. The fixation is glued to the test specimens with a HBM X60 rapid adhesive. The response displacements are measured with the help of a non-contact and high precision Laser Vibrometer OFV-505 provided by Polytec. Burst random excitation, which is a broadband type signal, is used. 50% burst percentage is used for burst random excitation. Normally burst random excitations are leakage free, but the author after trying different window functions, found out that by putting Hanning windows on both the excitation and response signals, better quality signals FRFs are obtained. The signal is averaged 10 times for each measurement point, and the frequency band chosen is 0-1600 Hz. A disadvantage of burst random excitation is that it does not take into account the effects of nonlinearity, because it is not possible to differentiate between the linear and nonlinear effects due to the mixing of the all the frequencies.
The center of the composite beams is excited at Point 17 as shown in Figure 2 . The resolution is kept 0.25 Hz to allow a good shape of the resonance peaks at low frequency range, and to have a reliable comparison of modal parameters between the two systems. Response is measured at 33 points that are symmetrically spaced in three rows along the length of the beam to have reliable and identifiable mode shapes. The level of the excitation signal is chosen as 1 N, which is kept fixed during all the vibration tests conducted in this study. Modal parameter estimation is carried out with the help of Polymax, which is a new non-iterative frequency domain parameter estimation method based on weighted least squares approach. One of the specific advantages of techniques like Polymax lies in the very stable identification of the system poles and participation factors as a function of the specified system order, leading to easy-to-interpret stabilization diagrams. This implies a potential for automating the method and to apply it to 'difficult' estimation cases such as high-order and/or highly damped systems with large modal overlap. As Polymax is based on least-squares complex optimization methods, it calculates the optimal pole value (frequency and damping) based on the 33 measurement points. We do not have access to the average values, variances or standard deviations for the 33 FRFs, as the estimated modal parameters are the results of an optimized process. The reference Hexply 53 explains Polymax estimator in detail.
Impact tests
The impact test system used to damage the composite beams is by a drop-weight system. The impactor tip has a hemispherical head with a diameter of 12.7 mm. The size of the impact window is 80 Â 40 mm 2 , which allows all the impact points to have the same boundary conditions, and all the four ends are clamped. A force sensor (type 9051A) provided by Kistler is placed between the impactor tip and the free falling mass of 2 kg. The impact velocity is measured with the help of an optic sensor. The combined weight of the impact head, freefalling mass, force sensor, and the accelerometer is 2.03 kg. Further details on the impact test methodology of this drop tower can be found in reference. 7 The five composite specimens tested in this article are impacted around the BVID limit. BVID corresponds to the formation of an indentation on the surface of the structure, which can be detected by detailed visual inspection and can lead to high damage. In the aeronautical domain, BVID corresponds to an indentation of 0.3 mm after relaxation, aging, etc. (according to Airbus certifications). In this study, it is decided to take 0.6 mm of penetration depth as detectability criterion just after the impact. 7 As an impact energy of 10 J gives an initial indentation depth of 0.55 mm, it shall be considered as the BVID limit. Two of the five specimens are impacted with an impact energy (6 and 8 J) below the BVID limit, in order to study the damage that is not visible by naked eye, and two (12 and 14 J) above BVID limit. The impact parameters for the five composite beam specimens studied are listed in Table 3 .
The composite beams have three states as shown in Figure 2 . First one is the undamaged state (UD), the second is the damage state due to four impacts (D1), and the third is the damage state due to eight impacts (D2). Vibration tests are carried out after each of these three states. A simple case is studied, where the impact points are chosen as such that the damage is symmetric on both sides of the two axes of symmetry. . Composite test beams with location of damage, excitation, and high spatial resolution for 33 measurement points.
Diagnosis methods

General overview
We propose here a more general framework for composites diagnosis using experimental modal data and several numerical tools. This framework potentially covers different SHM levels from level 1 (Detection) to level 4 (Quantification). Basically we just need a baseline model (FEA) and experimental modal data. Then we have developed this AIO package dedicated to impact identification using Patran/Nastran/Boss Quatro/Samcef briefly resumed in Figure 3 . We also propose another solution to quantify damage using a mixed experimental/numerical database (Level 4: Generalization). This database could be created from examples of different damage scenarios (type, level, and density of impacts). 54 The effect of the impact on the dynamic behavior of the composites through MLP (Multi-Layer Perceptron), which is a ANN supervised approach capable of establishing any linear or nonlinear relationships between a set of wellchosen inputs called 'pertinent descriptors' (modal data, damage localization, impact type, and others) and the outputs (damage quantification and/or impact force). This approach should be able to identify unknown damage quantification/impact force through the generalization from database (80% of samples used for learning, 20% for quantification).
Detection of damage by pole shift
Detection of damage can be carried out by studying the shift in modal parameters. It has been observed that with the accumulation of damage in composite beams, there is a decrease in natural frequency accompanied by an increase in damping ratio. 18, 19 In order to explain the shift in modal parameters graphically, we shall first study the mathematical representation of an FRF matrix, given in Equation (1).
The numerator R(k) is the residue of the FRF and is a function of the product between mode shape components at all points. The denominator gives the modal frequency and modal damping (second term in Equation (1) is the complex conjugate term also known as poles). The poles p(k), are the roots that satisfy this equation, and are related to modal frequency and damping as follows:
The magnitude of each pole is the undamped natural frequency (! n ). The undamped natural frequency (! n ) is related to the modal damped frequency (! d ) and the modal damping () and also to the mass, stiffness, and damping as follows:
From these relations it can be observed that a change in stiffness affects only the frequency, while changes in mass and structural damping affect both modal damped frequency (! d ) and modal damping (). For the damage detection part, the primary interest is to study the decrease in the modal damped frequency (! d ) and the increase in modal damping () due to damage in the composite beams. 55 
Localization of damage by topology optimization
The localization of damage in composite beams without a priori knowledge of its position is carried out by topology optimization in MSC Nastran. The topology optimization uses vibration data for both undamaged and damaged cases. Material is removed in the precise zones of the FE model in order to minimize the error between the experimental and numerical FRFs; in this way an equivalent damage is modeled. In the beginning, an objective of the topology optimization process has to be identified that is a function of the design variables that are changed in the course of the optimization. As the main objective of the performed optimizations is the matching of a set of modal parameters, any kind of matching function (e.g., least-square formulations) can be considered. In the case of the presented work, a pseudo objective function is chosen, considering the parameters that are to be matched only as constraints. The undertaken approach (Figure 4) is an improvement to the one proposed recently by Lee et al. 51 and Niemann et al. 56 The chosen pseudo objective function is given in Equation (5), where f is the original objective function and P a penalty function consisting of a set of inequality or equality constraints, which are g and h respectively. The parameter r p is a further penalization coefficient that can be applied to the constraints:
The methodology consists of locally altering the stiffness of the elements in the FE model. The design variable is the relative density of each element e as stated in Equation (6).
Since the variable is normalized by the original densities, it can only assume values between 0 and 1, as stated in the side constraints. Due to numerical reasons, 0 is replaced by a minimum threshold. This design variable is then multiplied by the corresponding element's stiffness and mass, which thereby alters the properties of the element (Equation (7)):
The design variable is also being penalized, which is supposed to help in getting a clearer solid-void solution by making intermediate design variables more 'costly'. The values of the penalization exponents p and q are problem dependent, but a penalization factor of about 3 is generally proposed in common literature. 49 The next step is to define the constraints based on modal parameters, where the primed value always denotes the reference data of the damaged structure, and the plain value corresponds to the current data of the optimized model. Since the goal is to minimize the difference between these values, a proximity " ! is usually defined. The first set of constraint equations g ! requires the n ! chosen angular resonance frequencies to be within the proximity of corresponding resonance frequencies of the damaged structure (Equation (8)):
The second set of constraint used consists of the magnitude value of the nodal FRF (of an FE node) at a certain excitation frequency j . It is required to be within the proximity " H of that of the damaged structure at the same frequency:
where the suffix k is the excitation and l the measurement DOF. This tool help us to approximate the localization of multi site damages by using one a priori information (baseline model) and experimental data (specimen under vibration test). 53 The topology optimizer iterates until it minimizes the difference between experimental and baseline FRF and so on, to localize equivalent damages by local loss of rigidity/mass.
One major limitation is that we succeed in localizing separate damage zones, but the results become less clear as damages tend to be very close. So the optimization results merge all the impacts in one big damage regarding the results of C-scans of the specimens. Moreover, this approach has yet only been validated for composite laminate beams and various numerical examples. In the near future, this study shall be extended to plate and others composite materials (standard sandwich specimens with honeycomb and foam cores), as C-scan testing is not very capable of detecting damage in composite sandwiches.
Identification of damage by updating of FE models
The aim of this section is to develop FE models that represent damaged composite beams in vibrations. These simplified damage models give us a degradation factor that can help us quantify damage in composite beams. The updating of the FE models by parametric studies developed in Samcef shall be carried out in Boss Quattro. The theoretical aspects of the methodology used can be found in reference. 37 It can be found on numerous occasions in scientific literature that local damage in a structure always causes reduction of local structural stiffness, so that these variations can be denoted by reduced material coefficients at the local damaged zone. Therefore, in order to avoid the abovementioned problems due to direct meshing, dynamics model of a damaged structure can be established using the modified material elastic coefficients in local damage position of the structure. This way it may not be Figure 4 . Principle of damage localization using topology optimization method. The only a priori information is a baseline model (FEA) and the experimental modal data of the specimen under test. 51 The topology optimizer iterates until it minimizes the difference between experimental and baseline FRF and thus equivalent damages are localized. necessary to depict the geometry of small damage. Our methodology takes into account the following factors:
1. the material property most sensitive to shift in modal parameters; 2. damaged area based on ultrasound tests for high correlation results (more precise than topology optimization results).
We first choose an homogenized approach, but we found better Experimental/Numerical correlation and so a more precise model of a composite laminate beam by choosing a 'ply-by-ply' approach in a FE software. So we need the following three well-known material properties: (a) longitudinal elastic modulus (E 1 ), (b) transverse elastic modulus (E 2 ), and (c) shear modulus (G) as Poisson coefficients. By carrying out several trail tests by varying individually the above three material properties, it was found that the longitudinal elastic modulus (E 1 ) is by far the material property which has the most profound effects on the natural frequencies. These trial tests are performed in the parametric module of Boss Quattro by using Samcef's DYNAM module. The FRFs are calculated by the harmonic REPDYN module in Samcef.
Based on the trial test results, it was decided that in order to keep the damage modeling methodology simple, only the longitudinal elastic modulus (E L ) shall be varied in the case of the composite laminate beams. Trial tests also proved that the variations of transverse elastic modulus (E 2 ) and the shear modulus (G) have a very small effect on the natural frequencies.
Before explaining the updating methodology, the author would like to underline certain assumptions undertaken to simplify the approach. These assumptions mainly focus on estimating a 'robust' equivalent damage and are widely used in SHM context. For a more precise mechanical identification, it should be a main limitation and a more complex 'ply-by-ply' staircase delamination pattern should be used: 1. the shape of the damaged zones is approximated as circular; 2. same damaged area is taken for all the impact points for the same beam as they have been impacted with the same energy level; 3. unfortunately the C-scan results did not give sufficient information regarding the position of damage in the thickness (number of damaged plies) due to low-impacts; therefore it has been assumed that the damage is same in all the thickness.
The results of the ultrasound (C-scan) and radiographic tests for the composite laminate Beam 2 for half beam length, impacted at 8 J are shown in Figure 5 . The calculated damaged area (conventional controlled area) is also indicated for each impact point.
As seen in Figure 4 , the calculated damaged area does not show a large dispersion between the four impacted points as they are impacted with the same energy. The procedure of estimating a circular shape zone from the ultrasound and radiographic test results is that in the first step; average value of the damaged area is calculated by taking the mean of the damaged area for the four impact points shown in Figure 5 : average damaged area for beam 10 ¼
Next, this average damaged area is equated to the area of a circle as follows:
595 mm 2 ¼ ðradiusÞ 2 where radius ffi 14 mm ð11Þ A complete FE model of the shell composite laminate beam with 3D end-masses and a 3D base block is shown in Figure 5 (a). The three parts of the composite laminate beams are modeled as follows: (a) composite beam is modeled (ply-by-ply) by using quadrangular Mindlin shell elements, (b) steel end masses and aluminum base block (for fixing the beam on the shaker) are modeled with 3D brick elements. Trial FE tests have also been carried out by modeling the composite beam in 3D. No significant difference in result is observed by modeling the composite beam by shell or 3D elements. The main advantage of using Mindlin shell elements for the composite part is to reduce the calculation time.
The circular damage zones approximated from the C-scan results are also shown in blue in Figure 6 , a along with a close-up of the mesh around the circular damage zone in Figure 6 (c). Triangular elements have been avoided to minimize the risk of computation error due to twisting distortion, therefore only quadrangular elements are used for higher precision. In order to calculate the dynamic response, the composite laminate beam models are excited by a harmonic force of constant amplitude. This excitation force is applied to a node situated 20 mm below the center of the base block and is rigidly linked to the bottom nodes of the base block as shown in Figure 6(b) . For the excitation node, all the degrees of freedom (DOFs) are fixed except the translation in Z-direction, which signifies the direction of force generated by the shaker.
For the elements in the damage zone (shown in blue in Figure 6 (a) and (c)), the longitudinal elastic modulus (E L ) is adjusted to simulate damage in the following way:
where E 1 ðdamagedÞ is the longitudinal elastic modulus (E 1 ) in the local ply elements in the impacted zone (shown in blue in Figure 6(a) and (c)) with some damage, E 1 ðundamagedÞ the one for elements without damage and a damage modification coefficient. This way by reducing the material properties by the coefficient in the impacted zones (based on C-scan results), damage can be simulated in structures relatively easily without facing the problems of excessive gridding number due to direct meshing, as discussed in detail by Yan and Lam. 44 The change in mass due to damage is negligible; therefore it has not been taken into account. An overview of the updating procedure is shown in the flow chart in Figure 7 by taking into account the damage modification coefficient to simulate the damaged cases. Just to remind the readers that the composite laminate beams have three states, undamaged state (UD), damage at four impact points (D1) and damage at eight impact points (D2). The FE modeling at updating results shall be discussed separately for each case. When establishing a FE model for a damaged test beam, different values of coefficient are tried (by parametric study in Boss Quattro) until the smallest statistical (root mean square RMS) error is reached between the experimentally and numerically obtained natural frequencies. The statistical error for the undamaged case (UD) is defined in Equation (13) as follows:
where E freq, UD ð UD Þ is the statistical error (RMS) between the experimentally obtained natural frequencies f k EXP, UD and the finite element-based ones f k EXP, UD , for the undamaged case (UD) for the k-th mode where N is the total number of modes considered.
In our case, the first four bending modes are studied (Biggest participation factor in term of displacement). Usually the MAC (Modal Assurance Criterion) indicator tool is used to correlate the experimental/numerical mode shapes. By using the same Equation (13) statistical error can be calculated between the natural frequencies for the damaged cases as well. In order to have a better experimental/numerical correlation, the following updating procedure shall be used: First of all FE models are built for the five composite beams for the undamaged case by considering UD ffi 1 in Equation (13) For the second damage state (D2), the same value of the modification coefficient is used, that is, D1 ¼ D2 , as the four additional impacts have been carried out with the same impact energy and the same updating procedure is followed.
Application to composite beams Damage detection by frequency and damping changes
Frequency and damping changes are studied with the help of the first four bending modes as they have the largest amplitudes for the type of test configuration presented. As discussed previously, damage in a material generally leads to an increase in damping and a decrease in natural frequency, as discussed in the section 'General overview'. For the second bending mode, the variation of natural frequency as a function of the undamaged (UD) and the two damage states (D1 and D2) is presented in Figure 8 . Figure 8 shows that the decrease in natural frequencies with the increase in damage is more significant for higher impact energies (greater damage). In case of Beams 1-4, the trend of decrease in frequency with damage is relatively small, but the trend increases consistently with the damage level. It can be concluded that the four beams (Beams 1-4) remain relatively intact and do not possess a large amount of damage. However, Beam 5 damaged at impact energy of 14 J, which induced damage well above the BVID limit, has a more significant change in natural frequencies as compared to the other beams. Similar results are obtained for the third and fourth bending modes. Figure 7 shows a slight discrepancy between the modal parameters at the undamaged state. This anomaly outlines the inherent possibility of false negatives which can arise due to boundary conditions, and gives no indication of damage when it is present as discussed in the reference. 33 Figure 9 shows that the damping ratio increases with increase in damage in the five beams for Mode 1. Similar results are obtained for the other three modes. However, unlike natural frequencies, the increase in damping ratio between the damaged and the undamaged states is not always consistent with the impact energy level (damage level), due to the complex nature of damping and the difficulties in its estimation. Resu have also underlined damping as the modal parameter more sensitive to damage than the natural frequency. 18, 19 
Damage localization by topology optimization
For the instance, the topology optimization algorithm is applied on the composite laminate beam 2 impacted at 8 J. If reliable results are obtained, then this study shall be carried out on other composite laminate beams as well in future. Constraints for the optimization problem are based on natural frequencies and FRFs that have been obtained by vibration tests. It has to be noted that as the ultrasound results are only available for half length of the beam, the topology optimization results are shown for one half as well. As the beams are considered to be symmetrical, each side of the beam has undergone two and four impacts, respectively. The topology optimization results for the damage state D1 (two exterior impacts on half beam length) in comparison with the ultrasound results are shown in Figure 10 . Figure 10 shows that for the first two impacts, the right locations have been found effectively with relatively similar sizes. As the ultrasound images that have been produced after vibration testing, the outer two impact damage points have been introduced first (D1) and the two inner impacts later (D2) as shown in Figure 10 . Ultrasonic tests are only performed after all the other tests have been completed.
In case of the damaged state D2 with four impact sites for half-beam length, only an uncertain region of damage with lower densities is located, but not the discrete impact points as shown in the ultrasound result. The topology optimization approach, which has been presented, is also limited to modal parameter shifts due to loss of stiffness and mass, and does not take into account damping, which as proved by the experimental results is more sensitive to damage than stiffness changes. In the current formulation, it is not possible to consider changes in damping as constraints in the optimization, since no response for damping is available so far in Nastran. In this study, we propose only the feasibility on one beam experiment (damage state D1) of topology optimization method to localize damage. The following results (Quantification of damage) will be established using NDT data only. Undamaged state (UD) Damaged state (D1) Damaged state (D2) Figure 9 . Variation of damping ratios (%) estimated by Polymax for the five composite beams for first bending mode where 'UD' is the undamaged state, 'D1' is the damaged state at four points and 'D2' is the damaged state at eight points. Figure 10 . Comparison between C-scan results (top) and topology optimization (bottom) for the damage state D1 -the two middle impact points are blackened as they correspond to the damage state D2. Equivalent damage zone is identified using circle fitting matlab function and permits to estimate the radius of damage zone (yellow circles).
Identification of damage by updating
will now be applied to five composite beams in order to quantify damage with the help of a degradation factor. Average damaged areas and the radius of the approximated circular zone based on the procedure explained previously for the five composite laminate beams (Beams 1-5) are given in Table 4 .
Modeling of the dynamic response and the updating procedure for Beams 4 and 5 (relatively highly damaged) shall be explained in detail, whereas at the end the results for Beams 1-3 will be summarized by following the same procedure.
Beam 4 (12 J). The damage zones for Beam 4 are modeled by approximating the shape of the real damaged surface to a circle of 18 mm radius. For the elements in the damage zone (shown in blue in Figure 5 (a) and (c)), their element stiffness matrices (longitudinal elastic modulus E L ) are adjusted to simulate damage by following the procedure explained in the section 'Localization of damage by topology optimization'. For the undamaged case, the modification coefficient UD is taken equal to 1. Aging effect on materials properties has to be taken into account in order to simulate properly the experimental results. So UD will be updated according to experimental data with value slightly above 1 even for undamaged case (e.g., Table 7 ).
Modal analysis is carried out and the statistical error E freq, UD ð UD Þ is calculated between the experimental and numerical natural frequencies. For the damaged cases, D1 ¼ D2 is calculated with the help of Equation (12) . The comparison of the experimental and numerical natural frequencies for the three states (UD, D1, and D2) along with the modification coefficients and statistical errors is shown in Table 5 .
In the next step, frequency response (harmonic) analysis is carried out to calculate the FRFs. Comparison of the experimental and numerical (FE) FRFs for Beam 4 for the damage states D1 and D2 is shown in Figure 11 . It can be seen that a good correlation is obtained between the experimental and numerical FRFs in case of Beam 4.
Beam 5 (14 J). The same procedure is followed in case of Beam 5 impacted at 14 J. The comparison of the experimental and numerical natural frequencies for the three states (UD, D1, and D2) along with the modification coefficients and statistical errors, is shown in Table 6 . Furthermore, comparison of the experimental and numerical (FE) FRFs for Beam 5 for the undamaged state UD and the two damage states D1 and D2 is shown in Figure 12 .
Beam 5 impacted at 14 J has a relatively high damage level as compared to the rest. Beam 5 had an initial indentation depth of 1.1 mm which is nearly twice of the BVID limit. The higher damage in this beam is also evident in the C-scan results in Figure 13 . Furthermore, as damage increases there is less possibility that it remains localized. The damage zones can get merged and there can be one big damage zone in place of several small ones.
But the real picture of the implications of high damage which introduces significant structural nonlinearities is provided by the vibration test results. In case of Beam 5, the frequency shift between the states UD and D1 for the third bending modes is 92 Hz, whereas the same for the fourth bending mode is 56 Hz. Logically the frequency shift for the higher modes is always greater, as observed previously in case of all the other beams. This aberration can also be attributed to the greater damage zone in Beam 5. This effect can be observed in the FRFs in Figure 12(b) and (c), which show that in the presence of relatively higher damping the resonance peaks become considerably rounded at higher frequencies (above 400 Hz). The high statistical errors E freq, D1 ð D1 Þ and E freq,D2 ð D2 Þ in Table 6 are also due to the extraordinary decrease of the bending mode 3 which due to some unknown nonlinear phenomenon is hard to simulate numerically. It can be concluded that the damage modeling approach presented in this article is limited to structures having small damage, where the behavior remains more or less linear. Once the level of damage goes well beyond that corresponding to the BVID limit, this approach starts showing deficiencies. A comparison of the modification coefficients and statistical errors between experimental and numerical natural frequencies for the Beams 1-3 for the undamaged state (UD) and the two damage states (D1 and D2) are given in Table 7 . The statistical errors are successfully minimized and a good correlation between experimental and numerical FRFs is obtained as well. Due to space limitations, comparison of FRFs cannot be provided.
Evaluation of the degradation factor for the quantification of damage. In order to have a better idea about the level of damage induced by impacting at different energies, it will be interesting to plot the variation of the modification coefficient with the impact energies. However, the modification coefficient cannot be plotted directly with the impact energies, because it does not take into account the damaged area, and also all the beams do not have the same damaged area. To remedy this, a degradation factor is introduced, which is a multiple of the modification coefficient with the radius of the circular damage zone (R). In order to simplify the degradation identification, we made another hypothesis: one impact induces the same change in our sensible parameter (E 1 ) for each damaged zone; so we made the assumption that ¼ D1 ¼ D2 .
The degradation factor is given in Table 8 for the five beams and gives us an idea regarding the quantification of damage in composite beams. The variation of the degradation coefficient D1 Á R with the impact energy levels for the five composite beams is plotted in Figure 14 . Figure 14 shows that up to the BVID limit (Beams 1-3) for the impact energies 6, 8, and 10 J, the degradation coefficient varies very little. In case of Beam 4 (12 J), which is impacted slightly above the BVID limit the degradation coefficient is slightly bigger. But Beam 5, which showed considerable nonlinear behavior as discussed previously, possesses a remarkably high degradation coefficient.
As discussed previously, unfortunately the C-scan results due to low-velocity impacts did not give us the position of damage in the thickness. In future, the composite laminate beams will be cut around the impacted zones and viewed under a high quality microscope to determine the location and shape of damage. Then the reduction of EI will be done only in the damaged plies and not in the whole thickness, to improve the calculation of degradation factor and to have a better quantification of damage.
Conclusion
Cost-effective and reliable damage detection is critical for the utilization of composite materials. Detection, localization, and quantification of impact damage in composite beams are carried out by a high quality experimental technique and simplified FE-based models (for diagnosis only). A more realistic damage model taking into account uncertainties should be developed in the future. The composite beams have been damaged by drop-weight tests around the BVID level. Detection of damage is carried out by shift in modal parameters. With the accumulation of damage in the specimens, there is a decrease in natural frequency accompanied by an increase in damping ratio. Localization of damage is carried out by topology optimization, but any reliable damage localization algorithm can be used. Model update is done by using damaged zone extracted from NDT results for a more precise quantification of damage. Using only a reference baseline model and experimental modal data it gives us a degradation factor that can serve as a warning regarding structure safety. So the preliminary work of developing an AIO package dedicated to BVID identification by modal analysis for beams is a success. Once the level of damage goes well beyond that corresponding to the BVID limit, this approach starts showing deficiencies because the structure becomes nonlinear, so another approach should be developed. Further studies will focus on a plate validation in order to monitor the dynamic behavior of a composites airplane door panel for example.
